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SUMMARY PAGE
THE PROBLEM

The chief purpose of this investigation was to measure the effects on human subjects
of prolonged exposure (12 days) in a room rotating at 10 RPM. Environmental and work-
ing conditions simulated in many respects those which might obtain in a rotating orbiting
spacecraft. Primary objectives were to determine: 1) if carefully selected individuals
could remain on board for the planned duration without the need for medical treatment;
2) if any of a wide variety of physiological and biochemical tests would reflect any ad-
verse effects of prolonged rotation; and 3) if performance of tasks designed to test
different abilities would be adversely affected.

FINDINGS

These are discussed both from their theoretical and practical aspects under three
headings: clinical symptoms, clinical laboratory findings, and psychophysiological per-
formance. Although the present experiment constitutes only an initial probe into the
problems incidental to adaptation at a yelocity of 10 RPM, it has advanced our knowledge
in two main respects. First, it has shown that countermeasures in addition to adaptation
are needed if there is immediate exposure to rotational velocities of 10 RPM, and, second,
it has demonstrated the usefulness of the rotating room for further exploration of vestibular
and central nervous system mechanisms.
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INTRODUCTION

The chief purpose of this investigation was to measure the effects of prolonged ex-
posure in a rotating room under environmental and working conditions which simulated in
many respects those which might obfain in a rotating orbiting spacecraft. The rate of
rotation selected, 10 RPM, was considered to be near the upper limits of angular velocity
to which man might adapt without impractical side effects. The duration of the run,
twelve days, seemed sufficient for studying adaptive changes noted in previous studies of
a similar nature (1,2). Because it was recognized that the angular velocity was near the
upper feasible limits, participants were carefully selected from officers in the Navy flight
training program. The primary objectives in the study were to determine: 1) whether or
not these selected individuals could remain on board for the planned duration without the
need for medical treatment; 2) whether or not any of a wide variety of physiological and
biochemical tests would reflect any adverse effects of prolonged rotation; and 3) whether
or not the performance of tasks designed to test different abilities would be adversely
affected. The findings are discussed both from their theoretical and practical aspects.

In previous reports from this laboratory the widespread symptomatology which normal
persons have manifested in the Pensacola Slow Rotation Room (SRR) has been designated
"canal sickness" to distinguish this etiologic type of motion sickness. The symptoms are
not experienced by individuals who have lost vestibular function and are reduced or even
absent in those with a partial loss of function (3). The symptomatology is dependent not
only on unnatural stimulation of the canals per se, but also on many other factors, e.g.,
conflict among normally synergic inputs, lack of fitness, and past conditioning. Symptoms
range in severity from mild malaise to prostration. They include dizziness, headache,
apathy, drowsiness, and fatigue. Objective signs include pallor, cold sweating, vomiting,
inactivity, and ataxia. First order effects apparently give rise to secondary effects of
still greater diversity which are declared by biochemical changes and other objective signs,
e.g., compensatory nystagmus (4). The time-course for changes in one symptom may re-
veal little of the over-all complexity of the adjustment; e.g., nausea may persist after
nystagmus has declined. If perrotation adaptation has taken place, a retumn of symptoms
may be expected following cessation of rotation. There is evidence of habituation with
repeated exposure (5). Countermeasures including drug therapy are demonstrably beneficial.

Prior experiments involving prolonged exposure of man to continuous rotation at 10
RPM are relevant to the present report. Of three subjects who lived in the Pensacola Slow
Rotation Room for two days at 10 RPM, two were normal subjects adjudged to be of differ-
ing sensitivities to canal sickness, and the third was a control subject who had lost vestibu-
lar function (1,2). The control subject did not report sickness and exhibited only slight
difficulty in walking heel-to-toe, a difficulty to be anticipated as a result of conflicting
visual and proprioceptive clues in this unusual environment. Of the two normal subjects,
neither appeared to have motivation to continue beyond the two-day run, despite the fact
that there was evidence of some adaptation in both subjects. The less susceptible "normal
subject, " who had had previous experience in the room, appeared less affected than the
other "normal subject."



A series of short runs conducted primarily to evaluate susceptibility to canal sickness
has involved angular velocities higher than 10 RPM. Systematization of stimulation was
accomplished by means of an experimenter-paced Dial Test which necessitated different
head and trunk movements in setting the needles of five dials arranged around a chair (1).
It was found that 7.5 RPM was a convenient velocity for screening tests but that in some
cases velocities up to and including 20 RPM were required to produce symptoms of sickness.
Qccasionally, subjects on repeated testing showed little evidence of malaise at the latter
velocity for periods up to an hour (6).

Similar results were obtained by Stone and Letko (7) whose subjects were placed in a
supine position, feet outboard and supported by a "floor" 15 feet from the center of rota-
tion, thus simulating the orientation in a rotating spacecraft. Short periods of rotation
were used, and maximum angular velocities were 17 RPM. The authors encountered malaise
in all subjects at 10 RPM and above, and rightly concluded that more simulation studies
should be conducted.

The present experiment was undertaken in the light of this background, with subjects
purposely selected to be resistant to motion sickness and instructed to avoid unnecessary
head movements until adaptation ensued. Effort was made to ensure motivation of the sub-
jects by 1) explaining the importance of their participation to the space effort; 2) select-
ing two Marine and two Navy officers in the hopes of engendering a competitive spirit;

3) arranging for publicity in the local news media; and 4) impressing upon the subjects
that the objective was to succeed in all tests without getting sick, if possible.

PROCEDURE
SUBJECTS

Two Navy and two Marine officers, who had completed the aerobatic stage of flight
training, were chosen as subiects. Additional factors influencing selection were their
youth, high motivation, good general fitness, good mental discipline, and a history of
less than average susceptibility to motion sickness.

The general clinical findings of the subjects are summarized in Table 1. The systolic
murmur in the case of LI was of doubtful pathological significance; the varicocele in the
case of MO was not troublesome; the ballistocardiogram in the case of SH revealed normal
and abnormal complexes, the latter predominating but their pathological significance was
doubtful in the absence of any other cardiovascular abnormality; the T wave alterations in
the case of WI led to a thorough cardiovascular evaluation on two different occasions, and
it was concluded that there was small likelihood that they had pathological significance.

The special findings, mainly referable to the sensory organs of the inner ear, are
summarized in Table I1. The "threshold caloric tests" (8) were conducted with the subject's
head so positioned that a line between the tragus and outer canthus was vertical. The ear
was irrigated for forty seconds with 100 cc of water at an outlet-controlled temperature of

2




* |owiou-6uyysoy €] papoaul 19N 1SA ‘) -o1s0ydip 57 Buiysas {|puriou HDJ |osog

* 951019X3 19440 A|ajDipaww] pup 3104aq $84D1 JD|NJIIJUS AL
*SHWI| [PWHOU = =N /|OUWIOU = Ny«
*ujw ¢ Joj *ulw tad ¥ gz ‘dn days youl-QZ«

'y ©01 161
N Ly peq 104 ¥8/89 84/¥¢€1 S9ADM 9L
N N I1°+ ©0] #1-N T-N T-N X3 1 Mo 1z IM
061
N gy Cuouqy 88/25 9/021 *Bys 14
N N L 3pRID 1-N 1-N *x =N X3 10N A4 HS
¥9/021 )
N 1% 60L/LL 9|92091IDA poob *Bis A4
N N 1-N 1-N 1-N 4o A1a N €2 OW
9/921
aspq 291
N oy 9L/8G 1o 454> 0L
N N 1-N 1-N T-N “anw® shg X3 jPpiuo]id ¥ 11
olIW 19d 004 +9404°4H 584D ‘d°d ssaujl Aloyst} (9D 4M  4o0lqgng
sisA|puli) }14o004pwal #9213 Abi=y * wpx] [IEDETS) 1s0d (ur)* 4H
*ydioyy pooig HIOM *Ayd aby

sjoalqng |pjuswidedxy uo sBuipuiq |po1ul|D [PlaUdD)

I ®[9PL




*UOI§OUNY Y} |O40 JO BINSDBW D SI SIY] &

asuodsas
jputoN y°9¢ A N N N N °N IM
asuodsal
jPULON V' 9€ AR N N N N °N HS
asuodsas
[PULION 8°6¢ 9°ve N N N N °N OW
asuodsau
|PULON v 9e 2°9¢ N N N N °N n
$BuIMg 1 Y ] 3 1 Y oppuy  4o8lqng
|2 |odnd (Do) 58l duoppD Buiiosy woX3 snoutBijla A
Ploysasy L °1doos04O ‘SHHO
‘ssaujoa(]
Jo Auoysiy

sButput g |potul|D |o1oadg

°|9o)




36.4°C. Nystagmograms were recorded while the eyes were observed through Frenzel
lenses. In the absence of any response the temperature of the water was lowered in 0.2°
C steps until nystagmus appeared on the trace. Mcleod and Meek (8) found that 95 per
cent of 104 normal subjects manifested nystagmus when the irrigating temperature was
35.4°C or higher; hence, the value of 34.6°C for the right ear in the case of MO
represents, probably, abnormally low sensitivity.

The subjects were evaluated in several ways with regard to susceptibility to motion
sickness, and the results are summarized in Table I1l.* The first approach was based on
responses to the Rorschach test but scored in an unusual way (%, 10) for specific dimensions,
viz., anxiety, dependency,drive, hostility, and rigidity. The second was based on a
lengthy interview emphasizing the "social history" and the reaction to initial exposure to
an unusual force environment. Two provocative tests were employed. The first consisted
of a brief exposure to "Coriolis vestibular stimulation" (11), and the second test which was
probably equivalent to a standardized pattem of acrobatics designed fo induce motion
sickness (6) consisted of the acrobatic stage of flight training.

It was concluded that all four subjects were less susceptible than the average person
to motion sickness. Only two had a history of motion sickness, and this was limited to a
single instance. All were insusceptible to airsickness, but significant differences were
revealed in the vestibular test.

APPARATUS AND METHODS

The Pensacola Slow Rotation Room (SRR), described in an earlier report (1), was used
in this experiment. It is a multisided windowless room about 15 feet in diameter and 7
feet high with a nearly square (15-3/4" x 12-1/2") center post. The motive power is
supplied by agas buming engine geared to a rubber-tired wheel in contact with thedriving
band of a flywheel to which the superstructure (SRR) could be clutched or unclutched. Slip
rings provided the means of transmitting power and elecirical signals. The room contained
laboratory equipment and living facilities, Despite the crowded conditions there was
room to provide for relatively comfortable bunking, recreation (including television),and
exercise. Particular attention was given to creature comforts, including the preparation
of foods to suit individual tastes.

At the angular velocity of 10 RPM the centripetal force generated at different radii
and the deviation of the gravitoinertial upright from the visual upright (direction of gravity)
are given in Table IV. This was the force environment to which the subject was exposed
when motionless. Movements of the subject resulted in changes in the force environment
caused in part by the generation of inertial forces and in part by variations in the level of
centripetal force with changing distance from the center of rotation. Linear motionsgener-
ated Coriolis forces, and rotary motions gyroscopic forces. The former which would affect
the direction and magnitude of the resultant linear force vector ( gravito inertial upright)
were not large; a few "instantaneous" values are given in Table IV. Gyroscopic forces
generated by simultaneous rotations about two axes were extremely small and are significant
only when discussing rotary motions of the head and stimulation of the semicircular canals.

*We are indebted to Commander Allen E. McMichael, MSC, USN for the first two
evaluations and to Miss Rosalie Ambler for carrying out the vestibular test.
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The changes in the total force environment caused by the motions of the subject were
incredibly complex. They were not measured, but an estimate of their principal effects
was obtained in terms of the subject's movements, It was convenient to distinguish be-
tween two types of motions of the subject even though they were not always separate,
namely, rotary movements of the head out of the plane of rotation of the room (head
movements) and movements of the body which offected the linear force vector (body
movements) .

The head movements resulted in unusual or bizarre stimulations of the semicircular
canals and were the essential factor in causing canal sickness although additional etio-
logical factors also were operating. The number of these head movements depended on
voluntary restriction, imposed by the subject, and activities with which the subjects were
inescapably associated. Each subject was fitted with a modified orthopedic collar which,
when wom, greatly minimized head tilt with reference to the thorax.

Body movements were associated with changes in the linear force vectors, and the
disposition of the laboratory equipment and living facilities was such that the subjects
carried out most of their activities in a zone varying in radius from 2.0 to 5.5 feet (Table
IV). These changes increased the difficulty in maintaining postural equilibrium, thereby
adding to the muscular work which was also augmented by the increased gravitoinertial
force. In the absence of head movements this was not an important factor in causing canal
sickness.

Although the lack of precise measurements of the force environment was a handicap,
nevertheless past experience revealed that the movements of subjects, unless restricted,
tended to be sufficiently constant so that the severity of symptoms was directly related to
the velocity of rotation (1,2). Thus if deviations from the usual pattem of activities are
noted, a rough measure of the change in stressful stimuli is offorded. Nearly always this
was estimated in terms of restriction in head or body movements.

The methods used in studying the time-course of responses to stress are conveniently
though somewhat arbitrarily grouped under three headings: clinical symptoms and signs,
clinical laboratory findings, and psychophysiological measurements. Here, only a general
description will be given; the necessary details will be added below when discussing
specific tests.

A record was kept of body weight, oral temperature, pulse rate, and blood pressure.
Each subject kept his own log in which he described his changing subjective symptoma-
tology. The onboard experimenter kept a record of the significant manifestations of canal
sickness in each subject and their overt behavior in terms of daily activities and inter~
personal relations. Moreover, he recorded his own experiences which were of particular
interest in that he was active during the brief periods when the room had to be stopped
for experimenters to go on board or off; in other words, he was intermittently adapting to
stationary and rotating conditions. Electrocardiograms were obtained and tilt tests con-
ducted throughout the entire experiment. In measuring adaptation during rotation much




reliance was placed on the Coriolis oculogyral illusion (5) and the "walking test" (12).
Pre- and postrotation tests included the Graybiel-Fregly Posture Test (13) and the nystagmic
response to head movements while the subjects were rotated clockwise and counterclock-

* wise at 10 RPM, utilizing the Stille~Wemer chair. Three visual tests were included:
critical flicker fusion, visual fields, and ocular imbalance.

) Biochemical measurements were designed to study water balance, acid-base balance,
intestinal absorption, excretion of electrolytes, release of stress hormones, glucose metabo-
lism, and changes in certain serum enzymes. The basic composition of the diet was about
the same for each man for each day with fluids recorded as taken. The conditions of the
experiment precluded weighing of individual portions; however, these were estimated as
closely as possible. All excreta including feces, urine, and vomitus were collected. The
period of collection extended from 0800 one day through 0800 the following. There were
four urine collection periods: 0800-1300, 1300-1800, 1800-2300, and 2300-0800.
Collections began three entire days prior to rotation. Fasting blood specimens were collect-
ed at 0900 each day of sampling. All of the chemical measurements were made on the
plasma.

Performance measures included hand dynamometry spoke test (eye-hand coordination),
tracking test, speed of tapping, reaction time, time estimation, digit span, complex
counting task, reading and mathematics tests, and four "vigilance" tests.

Routine

The experiment fell naturally into three periods, namely, prerotation, perrotation,
and postrotation. The "day" extended from 0900 to 0900. When necessary to avoid con-
fusion, three designations are used: From 0900 to 0900 is termed the "entire day"; from
0900 to 2400, "Day 1"; and from 2400 to 0900, "end of Day 1." The prerotation period
was approximately four days and numbered backward minus four (-4) through minus one
(-=1). This was a period for practice and for obtaining baseline measurements, The latter
were obtained mainly on Days =2 and =1 when the four subjects and the onboard experi-
menter remained in the SRR. The perrotation period was twelve days, numbered 1 - 12.
At 0900 on the moming of Day 1, after the final prerotation tests were completed, the
room was set in motion at 10 RPM and, except for three short stops daily, continued to
rotate for the twelve days. During these stops the subjects sat with their head fixed in
order not to lose their adaptation. The daily schedule of events was as follows: 0745,
awakened. 0800, brief stop to take experimenters aboard. 0900,stop. Experimenters off-
boarded. 0905, light breakfast. 0910, moming testing program. 1130, brunch and re-
laxation. 1230, oftemoon testing program. 1600, begin "free" period. 1820, stop for
evening specimens. 1830, dinner, 2030, begin night watch.

The postrotation period began at 0900 on Day +1. On cessation of rotafion certain
tests were conducted outside the SRR after which the subjects returned and remained in
the room for two days.



RESULTS

CLINICAL SYMPTOMS AND SIGNS

With the sudden onset of rotation all of the subjects immediately experienceddiffi-
culty in walking and in carrying out tasks involving bodily movements, The full impact
was not felt at once, typical symptoms of canal sickness appearing only ofter a delay.

LI experienced only mild symptoms referable to the nausea syndrome, probably due
in large part to the great restriction of head movements which he imposed from the early
minutes of the run. He did not vomit but lost two pounds during Day 1 because of nausea
and consequent food and fluid restriction. He slept at every opportunity during Days 1
and 2 and fell asleep during his "watch" on end of Day 1. He regained his appetite on
Day 3.

MO was the first to become sick and in retrospect he said that he wished he had
restricted his head movements earlier than he did. The first of his eight vomiting episodes
occurred within thirty-five minutes and the last during the evening of Day 2. He carried
out the performance tests but minimized all other activities. There was a weight loss of
six pounds during Days 1 and 2 which was regained by Day 8. He discarded the head
brace on Day 3 and that evening his appetite had retumed. Thereafter he did not restrict
his head movements but continued to restrict body movements.

SH experienced typical symptoms of canal sickness within the first hour and vomited
once the aftemoon of Day 1. He wore the brace on Day 1, restricted head movements
through Day 2, and his appetite returned by the evening of Day 3. There was a weight
los s of three pounds which was regained by Day 4.

W1 experienced slight nausea, and this was limited to the first three hours. He did
not wear the brace but restricted head movements through Day 2. He was the only one
of the four subjects to gain weight during the early perrotation period; he gained two
pounds during Days 1 and 2 but lost one pound during Days 3 and 4.

Even after symptoms of nausea and anorexia disappeared and no further head restric-
tions were enforced, all of the subjects continued to experience drowsiness and fatigue
and fo restrict their physical activity which in tum minimized their head movements. LI
had his "first real desire" to work on Day 5. During the remainder of the run he continued
to nap occasionally during leisure periods and complained in the moming of excessive
drowsiness and fatigue, even after eight or nine hours of sleep. The feelings of drowsiness
and fatigue in MO, although less prominent ofter Day 4, persisted throughout the run.

On Day 6 he "exercised a little" for the first time, but his comment on Day 7 was "tired
again, feel normal though." Leisure time was occupied either with activities that requir-
ed little mental effort or by resting or sleeping. SH had "no desire to work" on Day 4
and slept during the late oftemoon and evening of Day 5. On Day 6 he was in “good
spirits, " and his first desire for exercise was satisfied with "a few push-ups." With the
exception of Day 8, his log contained references to fatigue, such as "very tired at end
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of the day" (Day 11) and "very tired despite more sleep" on the moming of Day 12, WI
found it "difficult to stay awake" on Day 2; was "tired and sleepy” on Day 3; had a
"good day" although "no desire to work" on Day 4. He complained of fatigue on Days 5
and 6 and on Day 10 stated "typical day, the tests are becoming tiresome and fatigue is
a big problem."

None of the subjects had fully adapted to the experimental conditions by the end of
Day 12. The common complaint was "fatigue, " and although they were carrying out all
of their assignments, the employment of their free time was directed toward rest and re-
laxation rather than toward things which required mental aleriness or physical work. MO
complained most and WI least, but the differences between the subjects were not pro-
nounced,

Cessation of rotation created an impact but far less than at the start of rotntion. The
immediate effect was on neuromuscular coordination and was evidenced by ataxia which
diminished rapidly during the first hour or two. Additional symptoms were mainly a mix-
ture of excitement and pleasure on stopping and residual perrotation effects. None com-
plained of nausea although SH experienced "stomach awareness" which usually precedes
frank nausea. SH also complained of slight lightheadedness and was "very tired" in the
evening of Day +1. MO was "impressed" with the effects on coordination but adaptation
was "quicker than expected." Additional comments were: '"not at all tired," "we made
the news." WI reported "no ill effects" and "after about one hour | could walk straight
without difficulty."

Cardiovascular Measurements

The values for pulse rate and blood pressure obtained while the subjects were recum-
bent did not change significantly throughout the entire experiment. The maximum changes
in these values on actively assuming a position of tilt 15 degrees from the upright are
given in Table V. With regard to pulse rate every subject manifested a significant in-
crease (10 beats) on every test throughout the entire experimental period. In only
three instances, however, were the increases significantly greater during the per- or post-
rotation periods when compared with the maximal increase on either Day -2 or Day -11
SH on Days 11 and 12, and W1 on Day +1.

Systolic blood pressure dropped in the single test carried out on each subject before
rotation, and in three of the four the drop was significant, i.e., greater than 10 mm Hg.
During rotation increases as well as decreases were observed. All of the increases were
meaningful; they occurred on Day 1 (LI); Days 7 and 8 (MO); and Days 2 and 3 (WI).
Most of the decreases were salient ones but in only six instances were they significantly
greater during than before rotation and all occurred on or after Day 5.

1
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Diastolic blood pressure increased in the single test carried out before rotation and
the increase was important in three of the four subjects; similar changes were observed on
Day +1 in the three subjects on whom measurements were made, During rotation both in-

-creases and decreases in diastolic pressure were noted. Most of the significant increases

occurred early and the decreases late in the perrotation period, but there were enough ex-
ceptions fo minimize the significance of this trend. During perrotation, when comparison
is made with prerotation periods, there were only five instances in which there was either
a concomitant significant rise in pulse rate and a significant fall in systolic or diastolic
pressure or a concomitant fall in both systolic and diastolic pressures, all occurring on or
ofter Day 5.

A standard 12-lead electrocardiogram was taken each day during the experiment, and
there were no significant changes when compared with the control tracings. Electrocardio-
grams (Lead 2) obtained supine and during tilt-up revealed only minor changes in addition
to variations in heart rate. All four subjects demonstrated an increase in P wave on
assuming the upright position, and this was present on all tracings before, during, and
after the rotation. The maximum T wave changes are shown in Table V1. Subjects LI,
MO, and SH demonstrated a decrease in T wave amplitude of 1.5 mm in Lead 2 during
the tilt test. This finding was present during the control test as well as during the entire
perrotation period. Subject WI showed the most siriking changes during the tilt test, his
ECG having S~T segment depression of 0.5 to 1.0 mm and negative T waves, but these
changes were present before rotation and did not change perrotation. R wave amplitude
was included to evaluate relative as well as absolute changes in the T wave.

Tests of Postural Equilibrium and Ataxia

These fell into two categories: the regular test battery used in comparative measure-
ments before and after rotation and a modified version for use under the restrictions im=~
posed in the SRR.

Two tests were carried out daily in the perrotation period. In the first test the sub-
ject was required to stand heel-to-toe with eyes closed and arms folded in front of him for
sixty seconds, for two trials. If the sixty-second criterion was not met, a third trial was
given, and the score was the best two of three (with a maximum of 120). In the second
test the subject was required to walk five steps heel-to-toe (without deviating from the
line on the floor) from the wall to the center column with arms folded for two trials. If
he did not complete five steps on each trial (score of 10), a third trial was given, and
the score was the best of two of three.

The scores for "walking" are summarized in Figure 1. All of the subjects were able
to achieve a maximum score prior fo rotation. On Day 1 there was a decrement in per-
formance, but the subjects improved on Day 2 and Day 3 and all were able to achieve a
maximum score by the fourth day of rotation.
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The Graybiel-Fregly postural equilibrium tests administered on Day -7 and Day +3
were: 1) walking with eyes open on a 3/4" wide rail (8" long), 2) standing with eyes
open on the 3/4" wide rail, and 3) standing with eyes closed on a 2-1/4" wide rail (30"
long). The subject was required to stand erect,or nearly erect with shoes on, arms folded
against the chest, and feet in heel-to-toe position. The dynamic (walking) test was
scored in terms of the number of correct steps, and the static (stand) tests were scored in
terms of number of seconds without "falling" of f the rail. The results of the tests are shown
in Table VIi. Performance on the walking test was unchanged in two subjects (LI and WI)
and improved in two; the Stand Eyes Open Test performance was improved in all four
subjects; the Stand Eyes Closed Test performance was unchanged in one subject (W) but
decreased slightly to markedly in the other three. It should be noted that initially the
performance of all of these subjects was at low average or below average on the two
visually influenced tests (Walking and Stand Eyes Open) and that two of the subjects
scored below average on the nonvisual influenced test (Stand Eyes Closed). The postrota-
tion Stand Eyes Closed Test findings suggest that the subjects had not fully recovered from
the effects of exposure in the SRR.

Coriolis Oculogyral 1llusion

This was elicited by requiring the subject to tilt his head quickly (1.0 - 1.25 sec)
toward the shoulder, and, after a delay, to retum to the upright while fixating the dimly
illuminated outline of a box in the dark. The scoring consisted of the subjective percep-
tion of apparent movement estimated in inches, and the direction of the movement. The
results are summarized in Table VIII.

Despite the fact that this illusion is difficult to quantify and that, with continued
elicitation, it appears to diminish even in one who is not well adapted to a rotational
environment, it remains a good indicator of a certain kind of vestibular adaptation (5).
As may be seen in the Table, on Day 1 the illusions experienced by LI and WI were of
relatively large magnitude and those of MO and SH relatively small. At the next test
period (Day 3) the illusion had disappeared for MO and SH, was negligible for Wi, but
prominent for LI. On Day 6 and Day 10 the illusion was absent for all men.

When the test was repeated after cessation of rotation, the stimulus to the canals
was angular acceleration in the frontal plane, a nomal stimulus, and perception of the
illusion was evidence of a conditioned response. The illusion was perceived by all sub-
jects except SH. MO reported almost a perfect reversal both in terms of magnitude and
direction, implying that the perrotation adaptation was in the nature of a compensatory
phenomenon (4,5). LI and W1 also reported apparent movement, indicating conditioned
responses but not always was movement in the opposite direction.
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Table

VI

Magnitude and General Direction of the Coriolis Oculogyral Illusion

Day Subject Head Left Return Head Right Return
1 LI 7 74 9 0
MO 29 3y 1P 2
SH 3t 3y W 3
Wi 184 18¢ 124 12
3 LI 124 184 120 0
MO 0 0 0 0
SH 0 0 0 0
Wi 0 0 W 1
6 LI 0 0 0 0
MO 0 0 0 0
SH 0 0 0 0
Wi 0 0 0 0
10 LI 0 0 0 0
MO 0 0 0 0
SH 0 0 0 0
wi 0 0 0 0
+1 LI AT 6¥ 3 5V
MO 24 A 34 4y
SH 0 7 0¢ 0
Wi 64 6P 0 2

*No apparent displacement ~ just velocity.
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Nystagmography

Rotation tests, with subjects seated upright in a Stille~Werner Chair, were conduct-
ed just before and after the twelve-day run. Nystagmus elicited by head movements was
recorded during clockwise (CW) and counterclockwise (CCW) rotation of the chair at 10
RPM. Subjects were instructed to carry out silent arithmetic computation throughout
each rotation in an effort to induce artificial arousal. The tests after the twelve-day
run were given at three different intervals:

1) Post=Test 1. Within the first two hours ofter the twelve-day run, the men exhibit-
ed a greatly reduced nystagmus and no subjective reaction to recorded head movements
during rotation in the accustomed direction of rotation (CCW); in the unaccustomed
direction of rotation (CW), the average nystagmus and subjective reactions elicited by
head movements were of about the same intensity as they had been prior to the twelve-
day period of rotation. In some cases, responses during clockwise rotation were greater
than their prehabituation counterparts. This was probably attributable to a conditioned
compensatory nystagmus which had been detected by static tests given five to thirty
minutes after the prolonged rotation.

2) Post=Test |I. Two days after the twelve~-day rotation, subjects were again given
10 RPM tests on the Stille-Werner chair. In the interim period (about forty=six hours)
they were not exposed to rotation but participated in other tests which required them to
remain active throughout each normal work day. In the unaccustomed rotation direction,
nystagmus elicited by head movements during Post-Test {i generally was less than responses
to equivalent stimuli in the prehabituation tests, and it was also less than that elicited
during Post-Test |. In the accustomed rotation direction, nystagmus had recovered, al-
though not to its initial level. Reports of sensation indicated a similar course. Hence,
the accustomed rotation direction still yielded the weaker responses, nystagmus and sub-
jective, but the responses to head movements with the two directions of rotation had be-
gun to equalize,

3) Post~Test I11. Three weeks after the habituation run nystagmus output elicited by
head movements was nearly equal for the two directions of rotation and was still less than
the prehabituation level. Subjects indicated that the subjective effects had retumed al-
though comparisons with initial response intensities are obviously difficult due to the
length of the intervening time.

Nystagmus produced by the acceleration and deceleration of the Stille-Wemer chair
showed little or no decline as a result of the twelve-day run. Hence the habituation
appeared to be specific to the bizarre vestibular stimulation of the concomitant rotation
about two axes.
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The amount of nystagmus produced during either the head tilt tests or the passive
angular acceleration did not serve as a good indicator of the amount of sickness and
apparent discomfort experienced by the four subjects. MO yielded th. least nystagmus,
yet showed the greatest neurovegetative symptoms. However, the sample of only four
subjects is not sufficient to test for the possibility of a low positive correlation between
nystagmus output during initial testing and susceptibility to motion sickness.

Visual Tests

Critical Flicker Frequency. Monocular (right eye¥licker thresholds were determined
with a standard CFF measuring device (lvy~Krasno) in which the test field,viewed against
a dark background, subtended a visual angle of approximately 11 minutes of arc. With the
use of a method of limits, three ascending and three descending thresholds of fusion and
flicker, respectively, were determined daily for each subject. The average of these six
values served as the indicator of CFF for each day tested (Figure 2). Two of the subjects
(MO, SH) revealed a significant decrease in performance relative to ir..tial control levels
during the early perrotation period. This apparent decrement in visual function lasted for
about three to four days, after which time a gradual yet complete recovery took place.
The other two subjects (LI, WI), on the other hand,who manifested fewer symptoms, had an
apparent increase in CFF during the rotational phase of the experiment. Following rotation
the CFF level decreased to its basic, prerotational level insubject LIbut not in subject WI.

Visual Fields. The visual field of the right eye of each subject was explored daily in
the classical way, using a meter tangent screen. Detection of a red (2/1000) and blue
(2/1000) test-object was recorded in each of four meridians (vertical, horizontal, and the
two intermediate). The data were plotted on standardized forms, and the areas contained
within the isopter lines for red and blue were measured with a polar planimeter. The re-
sultant relative areal size served to indicate over-all visual field sensitivity for a given
test period.

The results obtained with the red (2/1000) and blue (2/1000) target correlated satis-
factorily, indicating that there were no selective visual field changes in the regions test-
ed. In general,the average over-all size of the visual field (Figure 3) remained essentially
at the same level. Variability on this test appeared to be directly related to the sympto-
matology of motion sickness; i.e., the subjects who exhibited the most symptoms (viz.,8
and 1 vomiting episode, respectively) had the greatest fluctuations.

Eye Muscle Imbalance. The near (40 cm.) heterophoria ofeach subject was determined
daily by a modified von Graefe technique. The stimulus to accommodation was controlled
by requiring the subject to resolve a vertical row of 20/20 Snellen letters while he aligned
vertically the double image of this target. The surroundings of the target were free from
fusional cues. Fixation of the head using a dental bite device prevent any movement. As
revealed in Figure 4, there were slight day-to-day fluctuations in the latent deviation
manifested by each subject. These variations were not unexpected; the important generadl
finding is that there were only small changes in magnitude (and therefore direction) of
the habitual muscle imbalance as a result of prolonged rotational stimulation.
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Discussion of Clinical Findings

Three major periods were distinguishable in terms of the manifestations of stress: 1)
the early perrotation period characterized by ataxia and the nausea syndrome, 2) the late *
perrotation period characterized by the fatigue syndrome, and 3) the postrotation period
characterized by ataxia. In addition, it is sometimes convenient to distinguish the periods
immediately associated with the onset and cessation of rotation.

The sudden tfransition from the stationary to the rotating environment had an immediate
and maximal impact on bodily activities involving neuromuscular coordination. This was
emphasized by the initial period of freedom from canal sickness which encouraged all
except LI to move about until voluntary restrictions were imposed. At that point all of
the subjects were handicapped in varying degrees either because of canal sickness or the
self~imposed restrictions in bodily movements, or both. The cardinal symptoms were
nausea, drowsiness and salivation, although additional complaints included dizziness,
headache, sweating, anorexia, and general discomfort and fatigue. The time-course of
summation and adaptation effects with regard to the nausea syndrome differed for each
subject. It should be pointed out that while "subject-paced"” stimulation is advantageous
in terms of preventing symptoms, the "feed back control" is not perfect in the case of
nausea which is characterized by a build-up that involves second order effects.

The subjects' rankings in terms of increasing severity of symptoms were Wi, LI,SH,
and MO. Their ranking in terms of susceptibility was complicated by the fact that the
number of head movements, the essential stimulus, differed. MO and W1 represented the
two extremes in susceptibility and LI and SH fell in-between. The vestibular test, which
was a brief performance test, had the best predictive value. Acrobatics, something to
which they were accustomed, did not discriminate among the four subjects. The interview
was not very helpful in that only two had a history of motion sickness and there was only
one episode in each case. The anxiety dimension in the Rorschach evaluation was the
only item which ranked the subjects satisfactorily. It is worth noting that the slight de-
pression of the right semicircular canal response indicated by the caloric test did not
confer any benefit on MO.

With the disappearance of certain symptoms, particularly nausea, the subjects
cautiously increased their "head movements," which marked the end of the early phase
of adaptation, The symptomatology of motion sickness in general is so often dominated
by the nausea syndrome that not only its disappearance but also concem over its reappear-
ance seemed an important landmark in adaptation to the rotating environment; consequent-
ly, for descriptive purposes this period was given a special designation. It is necessary to
point out that, except for a short time immediately after onset of rotation, this period was
also characterized by physical inactivity which affected a number of physiological and
psychophysiological parameters.

The lifting of restrictions on head movements increased the bizarre stimulation to the
semicircular canals. This "increase" involved number of stimuli or movements, and, inso-
far as this increase offected velocity of head movement, it was equivalent to increasing
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the RPM of the room, i.e., infensity of stimulation. Head movements associated with

bodily movements were still reduced because the latter were restricted. The reason for

. this restriction was the apathy, drowsiness, and fatigue which characterized the subjective
symptomatology. These symptoms were present in the early perrotation period but were

overshadowed by the nausea syndrome. This suggests that they were not simply the result

of confinement and boredom. With increasing length of exposure the total stimulus situa-

tion was complicated by the time-dependent cumulative effects of boredom and confine-

ment as well as those of the force environment. In retrospect, it is unfortunate the ex- |
periment was not continued until the men either were fully adapted or had demonstrated ‘
in what respects they would not fully adapt. Their best day was the last, Day 12,although \
the anticipation of return to a stationary environment may have been a factor.

The total clinical picture was complicated by the residual effects both of long con-
finement and perrotation stress. In general, the symptoms appearing ofter cessation of
rotation were neither severe nor long-lived and constituted an elegant demonstration of
our habituation to the stationary environment.

The only positive cardiovascular findings were the alterations in pulse rate and blood
pressure manifested during the filt test. It is important to emphasize two shortcomings in
carrying out the test in the SRR; the subject was not passively tilted and the tilt period
was only five minutes. The former shortcoming and the fact that the subjects were rela -
tively inactive for at least four days prior to rotation are the only explanations for the
unexpectedly large increase in pulse rate and decrease in systolic blood pressure mani-
fested before the onset of rotation. A comparison of these values obtained on Days -1
and +1 reveals surprisingly few significant differences. Allowance must be made for the
fact that the tilt test was not carried out during rotation when MO (Days 1 and 2) and
SH (Day 1) were sick. This minimizes the significance of group trends on these days. The
most significant change was in diastolic blood pressure although the downward trend was
erratic. All of the observed instances of mild orthostatic intolerance occurred in the later
perrotation period.

The results of the ataxia test carried out in the SRR were clear-cut and were similar
to findings in previous experiments (12). The uniformity of the subjects' rate of adapta~
tion which in all equaled their prerotation level on Day 4, contrasts with their differing
rates of adaptation to the nausea syndrome and the oculogyrcl illusion. Unfortunately,
the results provide no information regarding either the several etiological factors involved
or the mechanisms of adaptation. The findings in the tests carried out before, and three
days after, rotation are of interest. The improvement in the scores in tests carried out
with "eyes open" might be explained by the fact that "learning"” was a more important
factor than "residual ataxia." With "eyes closed" the residual ataxia was now a more
important factor than leaming. Stated differently, the role of vision was very great and
only with eyes closed was it possible to demonstrate that postrotation adaptation, in the
case of ataxia, was incomplete.
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The Coriolis or gyroscopic oculogyral illusion is a unique, immediately evoked
response fo which subjects readily adapt (5). They adapt so readily, in fact, that an
"order effect” may be demonstrable with successive tests on a single occasion. It is
interesting that LI, who greatly minimized head movements, was the only subject who
had not adapted by Day 3. The close relationship of the illusion to the nystagmus res-
ponse is shown in the similarity of the mechanisms underlying adaptation (4). In both
cases in this experiment there was evidence of perrotation adaptation and of a condition-
ed compensatory response postrotation,

With regard to the visual tests, the only significant changes observed involved the
flicker fusion test. In the early perrotation period MO and SH manifested significant
temporary decreases in performance and in the late period all except MO demonstrated
an increase. The decreases were consistent with the fact that MO and SH experienced
more severe symptoms than the other two subjects, and the question arises whether this
was a specific response to stimulation of the semicircular canals or a nonspecific effect.
Simonson, Fox, and Enzer (14) found that thermal stimulation of the semicircular canal
using 5 cc of water at a temperature of 70° to 76°F caused a depression in CFF in sixteen
normal subjects, and they implied at least that it was a specific effect. Our failure to
demonstrate a decrease in CFF in two subjects is readily explicable if the subsequent in-
creases in the later perrotation period are regarded as practice effects which were delay-
ed in their appearance by the depressing effect of vestibular stimulation. 1t is noteworthy
that in the later period increases in performance occurred despite increases in head move-
ments and symptoms of fatigue.

Whatever the explanation for the observed changes in CFF, they are of interest in
demonstrating the readiness with which CFF can be influenced.

CLINICAL LABORATORY FINDINGS

Urine Volume and Electrolytes

The findings are summarized in Table 1X and Figure 5.  There were significant
individual differences in patterns of urinary output, although in the early perrotation
period all subjects showed a decrease followed by an increase and all except possibly SH
showed a second decrease in the later period. No other observations on urine, including
specific gravity, pH, and total solids, reflected any variations not accounted for merely
by changes in volume per collection period.

The changes in urinary excretion of sodium, potassium, and chloride during each
collection period were essentially parallel for all four subjects as shown in Table 1X. The
changes in excretion of sodium were greatest (Figure 6) and reflect the greater severity of
symptoms in MO and SH. Urinary calcium and phosphate excretion varied throughout the
experiment with a clear tendency toward a decrease in excretion associated with nausea
and vomiting.
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Microscopic Examination of Blood

Hematocrit determinations and blood findings are shown in Table X. Hematocrit
values varied within a narrow range. There were no significant variations in the WBC
counts, although mean value was lowest on Day 4 and a tendency toward a decrease in
lymphocytes was manifested in the case of MO.

Total Protein and Acid-Base Values

Total protein was determined using the refractive index method, and the results are
shown in Table XI. None of the variations throughout the experiment were significant.

Serum pH was measured on venous blood using the Beckman pH electrode. Nearly
all of the values were consistently in the low normal range (normal 7.36-7.46) or slightly
below. The fact that distinct pattems did not emerge suggests technical difficulties.

Serum pCO2 was measured using the Clark electrode. Some of the obtained values
(Table XI) were outside the normal range (47-54). In the case of MO, a clear tendency
toward alkalosis is seen in the early perrotation period while, in the other subjects, some
values indicate slight acidosis.

Serum sodium and potassium were measured using a Technico autoanalyzer flame
photometer with a lithium intemal standard; chloride was determined using an ultramicro-
modification of the method of Schales and Schales (15). The values obtained, Table XI,
were within the normal range and did not change significantly throughout the experimental
period. Serum calcium was measured using an ultramicromodification of the method of
Diehl and Ellingboe (16) and phosphorus (inorg.) by the method of Fisk and Subbarow (17).
The results are included in Table XI. The values for calcium tended toward the lower
end of the normal range (4.5-5.7) during Days 2, 3, and 8. Some of the values for in-
organic phosphorus were above the normal range (2.4-3.8). There were slight tendencies
toward lower values perrotation and on Day +2.

Catechol Amines in Blood and Urine

Measurements of catechol amines in the blood were done by the method of Weil-
Malherbe and Bone (18), and the results are shown in Table XII. With regard to adrenalin
the single highest value was obtained on MO three days prior to rotation; this probably
represents a response to drawing blood. There is a pattern evident with the lowest value
between Days -2 and 3 and the highest values between Days 8 and +2. There were only
minor variations in levels of noradrenalin.

30




Table X

Hematocrit Determinations and Microscopic Examination of Blood

Subject Day  Het. WBC Neu. Lymphs Eos. Basos Bands Monos.
LI -1 45 10,100 62 32 0 1 0 5
1 44 11,200 70 25 2 0 0 3
2 45 10,100 78 20 0 0 0 2
4 44 7,800 64 K7 1 0 0 1
7 43 2,900 55 38 2 0 0 5
n 45 11,700 65 24 4 1 0 6
12 44 9,700 61 35 1 0 0 3
+1 45 6,500 54 38 4 0 0 4
+2 45 9,300 66 29 2 0 0 3
MO -1 45 8,600 62 80 0 1 0 0
1 46 8,200 67 31 0 0 0 2
2 45 6,800 70 25 2 0 0 3
4 43 7,200 78 18 2 0 0 2
7 41 8,700 67 25 3 0 1 4
11 49 7,600 75 23 0 0 0 2
12 45 9,400 66 29 2 0 0 3
+1 43 12,300 54 41 5 0 0 0
+2 49 5,800 50 42 3 0 0 5
SH -1 44 9,300 70 25 1 0 1 3
1 44 6,000 62 33 2 1 0 2
2 - 6,100 41 52 4 0 0 3
4 39 5,600 57 37 1 0 1 4
7 42 8,900 65 30 3 1 0 1
H 45 6,700 56 37 2 0 0 5
12 45 5,700 55 41 i 0 0 3
+1 44 7,000 56 38 2 1 0 3
+2 46 6,100 60 37 0 0 0 3
Wi -1 44 6,900 73 23 2 0 0 2
1 43 8,300 59 37 3 0 0 1
2 41 9,000 60 34 3 0 0 3
4 43 6,400 59 34 4 0 0 3
7 41 5,800 62 32 2 1 0 3
11 43 10,100 65 33 1 0 0 1
12 44 8,500 58 36 1 0 0 5
+1 44 9,200 52 40 3 0 1 4
+2 48 8,000 53 42 4 0 0 1
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Table XI| - Continued

3.7
3.9

3.8
3.9

3.5
3.8
3.6

4.1

3.7
4.1

3.8
4.0

4.2

4.1

3.7
3.8

4.0

3.3
4.0
4.4
3.9

~

3.9
3.8

4.5

L1

3.9
4.0
100
98
98
100
4.8
5.1
4.9
5.0
3.7
3.7
4.1
3.5

3.9
4.0
3.9
98

99

96

5.0
5.3
4.9
4.9
5.0
3.7
4.6
4.5
3.6

4.1

3.7
100
98
100
99
4.6
5.0
4.8
4.9
4.8
3.1
3.5
3.3
3.3

4.1
3.9
M3.9
103
96
101
100
M100
4.9
5.1
4.9
5.1
M5.0
3.5
4.2
3.7
M3.8

4.1
99
98
97
97
4.7
4.8
4.6
4.8
3.6
3.6
3.7
3.5

4.3
4.2
4.5
4.3
103
100
98
100
4.6
4.9
4.8
5.1
4.9
3.3
3.8
3.4
4.2
3.7

4.2
4.1
4.2
4.1
99

94

95

96

4.7
5.0
4.6
4.4
4.7
3.5
4.0
3.9
3.5
3.7

3.9
3.8
97
103
98
99
4.9
4.6
5.0
5.1
4.9
3.4
3.4
3.1
3.1
3.3

3.9
96

96

93

96

4.6
4.7
4.6
4.8
4.7
3.8
3.4
3.8
3.4
3.6

3.8
4.2
4.2
4.0
99

94

97

98

97

4.9
5.0
4.2
4.7
4.7
4.0
3.6
4.1
3.5
3.8

4.4
99
99
98
M99
4.8
4.9
4.9
5.1
M4.9
3.7
3.7
4.3
4.0
M3.9

M4 .1

MO
SH
Wi
LI
MO
SH
Wi
LI
SH
Wi
L§
MO
SH
Wi

+Mean of values 5 experimental days.

*Mean of values days -3, -2, =1.
#Mean of values days +1, +2, +3.

(MEg/L)

CL

(MEq/L)

CA

(MEq/L)
Inorg. Phos.
(mg,/100 ml)
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Crout's method (19) was used to measure the urine catechol amine for each of the
four collection periods, and all of the results were graphed. There were no significant
changes in release of noradrenalin; the graphs (not reproduced) show much the same saw-
tooth curves for each subject. Although the release of adrenalin was probably within
normal limits, the individual variance was so characteristic for each that the curves are
depicted in Figure 7. Note that the values for the "night" samples are similar for all and
that the variance in values for "day" samples reflects differences in lability of response.

Urine Corticosteroids (mostly cortisone, hydrocortisone, and tetra derivatives)

These were determined on each of the four collection samples by the method of
Komel (20), and the results graphed. It should be pointed out that there is a "lag"of two
to three hours in excretion of the products of 17-hydroxycorticosteroids released. Figure
8 represents the mean values for each day and shows two trends. The first trend down~-
ward in the early perrotation period is not significant, but the second upward trend dur-
ing the late period is highly significant.

Glucose Utilization

Thirty grams of dextrose were injected intravenously after an ovemight's fast, and
the subsequent decline of excess blood sugar values was determined for one hour on Days
-3, 1, 4, 11, and +1, The qualitative response of the group was quite uniform. There
was a decreased rate of glucose removal ofter one day of rotation (Figure 9 and Table XII1).
On Day 4, the average removal rate increased significantly from 2.0 per cent to more
than 3.5 per cent excess glucose per minute, and to more than 5.2 per cent per minute on
Day 12. On Day +1 the average rate was retuming toward the initial value.

There was a significant degree of intraindividual variance. Subject LI showed the
initial reaction of a decreased rate, after Day 1. After Day 5 his rate of removal was
4 per cent per minute, a four-fold increase over his Day 2 value. On Day +1 a retum fo
normal was found; ofter the end of rotation, his rate was almost identical to its initial
value. In MO, the initial decline of removal rates continued through entire Day 3, but
on Day 11 a significant increase to 4 per cent per minute was observed. After the end
of the experiment the rate retumed.to below its control value. SH demonstrated the great-
est reaction. After the initial decline on Day 2, unusually rapid removal rates (7-10 per
cent) were observed throughout the experiment. On Day 5, blood glucose levels fell
nearly to hypoglycemic levels one hour after the glucose load. On Day +1, blood sugar
also declined fo a point moderately below the fasting level. On Day +2 the utilization
rate was again quite close to the initial normal value. In W1 the typical initial decrease
of utilization was observed, However, a significant increase occurred only toward the
end of the experimental period and was followed by a further increase in the postrotation
period.

35




s}oalqng Ino jo uoiyaiox] (duldf) aulwy joydayo)
/ @inbiy

SAVA

o--me 00EZ 008
o—— 0081 —00€|
».---a 0OE | ~0080

Benenna 0080 —~00€2 *QOI¥3d NOILDIITT0D

M~ oo N g 0 o

IM
HS
m
)
S
2
=]
2
Q
OWN &
S
©Q
~
)
n

36




s34921qNG N0 JO UOI}BIOXT PIOIB4SOD14I0D) UL

g ainbi4

SAvVd
1+ 2l ' ol 6 8 YA 9 S 14 ¢ ' | - 2-
T T T T T T T 1 T T 1 T _ ] %o
18
-101

o-—-—o HS
o———¢e ON

a—-—o |7

K

a34d0l1S "~ NOILV1ON

Q3.14V1S

1y 4 2/bw

37



$492lqng 1nog jo ajpy |pACWaY 8509N|O

4 a4nbi
SAvVQ
2+ 1+ 2i N 0] 6 8 P 9 S b € 2 | - 2- ¢&- ¢b-
I ] T 1 | ! I i | 1 ] | T | [ I T

°———e ON

o-—-—ao [

}

Q3dd01S NOILV.L10Y

d314Vv1S

('NIN ¥3d %) 31vd TVAOW3Y 3S00NT19




28°¢ L0l ecl 1Sl 16l |72 VAl

6l°G L8 L0l cel 861 174 Gl
AR 96 801 el 9Ll SL 8
00°¢ VXA Lyl gLl AV A 9L G =N
1S 6Ll el 9l 62 8L z aboiany
L6°9 08 L8 1A | 8.1 GL LL
LY 8L 66 1294} 861 YA Gl
L2°¢ <0l ool el L1 9L 8
| /A oLt oel 691 (0,074 V4 1}
10°¢ ¥0l rAAl ol 19174 L9 A IM
Sy°'E 001 1A ¥l 98l 1274 L1
ybuy 09 VA4 yLl 8l 18 Gl
ybiy or 9L 601 8Ll 8L 8
£°C ocl 161 74\ 102 174 g
AR 0l [AA 091 61 GL A HS
98° 1 LEL 9¥l 181 L0C (074 Ll
€0° ¥ SOl (891 orlL TAA G8 Gl
LE°1 1% | G/l 681 (444 QL 8
159 A :7A oSl L9l 80¢C 18 G
0e°e 6cl GGl 191 14Y4 88 A OW
GlL'¢c 8Ll 8el el 961 [ 74 Al
¥z GOl LEL A4 88l L9 Gl
L'y 06 €8 601 061 gL 8
Lol €61 09l 08l L0Z Y4 g
8L 1 6¢€l 144! | ZA! ¥0C Z8 A 17
(utw o) 210y uiw g9 ulw Gy ulw og utw G| Buiyso4 * ydx3 $o09lgng
way 9509n|o) Bw uj uolpIUIdUOD) Jobng poo|g 40 AoQg
% %

$§S9] 9OUDI|O] 503N SNOUIADIU|

HIX 8j9el

39



Blood Enzymes

Glutamic-oxaloacetic acid transaminase (SGOT) and alkaline phosphatose and lactic
dehydrogenase (LDH) were determined (Table X1V). The only significant changes were
in LDH which are summarized in Figure 10. Two of the four aviators showed a consider-
able increase in LDH on Day 1, and all of them showed reduced activity during the
following four days. On Day 5 and again on Day 11 there were significant additional
increases, After cessation of rotation the high values on Day +2 were preceded and
followed by values near the control level.

Food Absorbtion

Intestinal absorbtion of food, as reflected by the oral zylose absorbtion, did not show
any significant change during any phase of the experiment. Any variations were con~-
sidered to be within the experimental error,

Discussion of Biochemical Findings

In general , the significant changes in the biochemical and other laboratory findings
paralleled the changing symptomatology described in the previous section. In attempt-
ing fo interpret these changes in terms of the effects of stimulation by the accelerative
forces, it is important to emphasize that they might reflect not only specific effects of
such stimulation but also nonspecific or complicating effects. Moreover, one is handi-
capped by the limited quantification both of the stimulus and its effects and by the lack
of previous experimentation to provide background information.

In the early perrotation period the subjects leamed by experience that it was necessary
to restrict their head movements although prior to this they were, in varying degrees, less
cautious, and, as a result, MO vomited on eight occasions and SH once. Moreover, in
varying degrees, they reduced their physical activity, and limited their intake of fluid
and food. As they adapted to the nausea syndrome they increased their head movements
and eventually imposed no restriction. Consequently, in the late perrotation period the
level of accelerative stimulus was increased, the food and water intake was guided by
hunger and thirst, and physical activity was increased compared with the early period.
The time-course of these trends differed in different subjects, but in general their overt
behavior became more uniform in the late perrotation period. One other factor deserves
mention: the possible role of "anticipation" as the end of rotation drew near. This is
difficult to estimate; in all likelihood it was not a significant factor except possibly on
the moming of Day 12. These subjects not only were conditioned to stressful experience
but also the end of rotation was not the end of the experiment.
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With regard to changes in urine output, the release of the antidiuretic hormone,
previously shown to be associated with unusual vestibular stimulation (21), was the pro-
bable primary factor; variations in fluid intake and, in the case of MO and SH,vomiting,
were complicating factors. In the early perrotation period when the nausea syndrome was
prominent, WI was the only subject who gained weight, and this occurred while his urine
output was falling, suggesting water retention. It is possible that LI and MO had a great-
er tendency to release the antidiuretic hormone than SH and WI inasmuch as they mani-
fested the greater decreases in urinary output both in the early and late perrotation
periods. In the early period LI, who did not vomit, had nearly as great a decrease in out
output as MO who vomited, and in the late period, not characterized by nausea, the
decrease in output may have been associated with increase in head movements (stimulus).
If this last assumption is allowed, it demonstrates that they adapted more readily to the
nausea syndrome than to the factor responsible for the antidiuretic effect, Especially
interesting are the similar variations in urine output for SH and W1 who nevertheless
varied in their susceptibility to nausea.

The changes in urine volume and electrolytes were not reflected in the blood
hematocrit, total protein, and serum electrolytes, at least to any significant degree. [n
other words, the excretory mechanisms constituting our first line of defense in adjust-
ments to stresses imposed were adequate to preserve homeostasis with respect to serum
electrolytes. The determinations of serum pH may not have been reliable, but the pCO2
determinations indicated slight variations from normal, the most significant a tendency
toward alkalosis in the subject who vomited eight times.

There was no significant change in release of noradrenalin as indicated from
measurements on blood and urine. Similar measurements on release of adrenalin showed
only minor fluctuations and these in LI and MO. These negative findings are neverthe-
less significant in that they tend to minimize the possibility that emotional stress was an
important variable in the experiment.

With regard to the release of catechols and corticoids the increase in urinary
corticoids in the late perrotation period alone was significant. If it is assumed that this
increase was in response to increasing the head movements, two interesting facts emerge.
First, it was not related in time to manifestations of the nausea syndrome, and second,
all subjects were offected almost equally but not at the same time. Previously we had
assumed that there was a relation between occurrence of nausea and the release of adre-
nal corticoids, but the present findings suggest that even an association between the two
may be absent. Of all the significant positive findings the increases in release of corti-
coids showed the least individual variance.

The most striking findings requiring explanation were the changes in rate of glu-
cose utilization and in LDH level in the plasma. The group trends showed some similarity,
i.e., an initial decrease followed by an increase above prerotation values, but there
were exceptions to the group trends, and there was often a lack of parallelism between

the glucose and LDH responses for a given subject. An attempt was made to relate both
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findings fo an increase in muscle metabolism, and consideration was given to the diffi-
culty in maintaining equilibrium while standing and walking and the possibility that
there wasan increase in muscle tonus (22) due to bizarre stimulation of the semicircular
canals. There was a closer relationship between physical activity and LDH than existed
with glucose utilization levels.

The increase of glucose removal rates is highly significant. The qualitative similar-
ity of response in all four men indicates that the exposure to stress had o pronounced
effect on carbohydrate metabolism and that the only difference among individuals is the
time at which the reaction set in. Two mechanisms could explain the findings: First,
there is the possibility of increased levels of circulating insulin in the blood caused by
rotation. No measurements of plasma insulin were made, but the finding that fasting
blood glucose levels were little offected by rotation would make the existence of signifi-
cant hyperinsulinism unlikely. Secondly, there was an increased permeability of peri-
pheral tissue to glucose. It is known that muscular activity causes a great increase of
cell permeability to sugars and consequently of glucose metabolism and that this effect
is independent of insulin. This increased activity is normally compensated by increased
hepatic glucose production, and thus the blood glucose level remains unchanged. The
additional increase of permeability caused by the release of insulin during the glucose
tolerance test might well lead to greatly increased glucose removal rates and even to
hypoglycemia.

The initial decrease of glucose removal rates could then be explained by a diminish-
ed physical activity during the first day of rotation, very pronounced in Ll and SH, less
in MO and WI. It is more difficult to explain the subsequent striking increase inasmuch
as none of the subjects became very active.

RESULTS OF PSYCHOPHYSIOLOGICAL TESTS

Hand Dynamometry

The dynamometer used in this experiment was a standard model Stoelting hand
dynamometer. The subject's daily score was the arithmetic mean for five trials. From
the group data in Figure 11, it may be seen that on Day 1 there was a sharp drop in
performance which by Day 2 retumed to the average for the four prerotation days. From
this point until Day 10 there was a gradual increase in performance where the best pre -
rotation score was equaled, The last two days of rotation performance showed a pro~
nounced drop, and postrotation there was a sharp rise to values greater than the initial
control level.

Spoke Test

This is a simple test of eye~hand coordination which requires that the subject point
to different compass coordinates and then to the center. [n test A the coordinates are
randomly numbered, and the subject must point progressively (e.g., 1,2,3,...). The
task is similar in test B; however, the subject must altemate numbers and letters pro-
gressively (1,a,2,b,etc.). The score is in seconds to completion of the task.
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The data appear to indicate an over-all practice effect. However, the leaming
curve for the complex task (test B) is interrupted at the onset and cessation of rotation
although the change is small. The decrease in performance at the cessation of rotation
on test A appears smaller than the expected day-to-day variability.

Simplified Electronic Tracking Apparatus (SETA)

The tracking test used in this experiment was similar to the one devised by Fitts
(23), but a knurled knob was substituted for the lever. In this test an irregular motorized
cam drives a pointer on a dial off zero, and the subject's task is to keep the pointer at
zero. A computer element monitored the pointer and compiled the subject's total error
(in microvolts). Each trial lasted one minute, and there were five trials in a session.
The first data point in Figure 12 is a mean of 100+ t:ials and may be considered stable.
The over=all impression is of a leaming function, and the interruption of this trend on
the first day of rotation is therefore probably meaningful. By Day 2 the prerotational
level was obtained and improvement continued.

Speed of Tapping

This required that the subject altemately depress buttons on two cumulative
counters with the index and second finger of his preferred hand. Each trial lasted thirty
seconds and there were ten trials per session. The scores were read directly from the
counters, and error was the difference between two totals. Two subjects improved in
performance and two remained about the same. The onset and cessation of rotation did
not appear to have any effect upon performance. The variability did not change with
time nor did the error score vary in any consistent fashion.

Reaction Time

This consisted of a simple reaction time to a visual stimulus. There were 50 trials
per day for each subject. The data are plotted in Figure 13 with the first (practice)
session included. The group performance appears to indicate a simple leaming function
which flattens slightly ot the onset of rotation. However, the individual data show that
WI (least affected overall) continued to improve until Day 10 and then did less well.
Subject SH continued to improve slightly throughout. The other two subjects also con-
tinued to improve, but their leaming appeared to be interrupted the first few days of
rotation. Subject WI obtained one of his poorest scores on Day +1.
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Time Estimation

This was tested by the "production" method and required the subject to depress a
key for a given number of seconds. Ten judgments were made at each of eight intervals
(2,3,5,6,8,9,11,12 secs) on each day of the experimental period, Because these data
showed no consistent over~ or underestimation within a session or from one session to the
next, they were plotted in terms of total absolute error. Average deviations for each
interval also were obtained. Figure 14 shows the average deviation for the four men at
each interval . The magnitude of the error appears to be directly related to the length of
the interval to be estimated and is as expected. Figure 15 shows the mean absolute error
for all intervals for the four subjects for the entire experimental period. It may be seen
that the greatest errors occur at the onset and cessation of rotation.

Digit Span

This was administered in a way similar to that devised by Wechsler (24) but the
numbers were presented visually once per second. The results of this test appear to
show a leaming effect, which may in part be explained by the fact that only 260 number
sequences were used and the subjects saw them more than once. The leaming curve is
interrupted at the onset of rotation and midway through th€ run, indicating a decrement
in performance.

Complex Counting Task

In this test (25) the subject is presented with a panel containing three lights (A,
B, C) with a button below each light. The lights were programmed to flash at different
frequencies (viz., A-5.4 times per minute; B-8.9 t.p.m.; C-4.6 t.p.m.). The test
lasted five minutes, and the subject's task was to depress the button below the light
after it had flashed four times. Stimuli and responses were recordéd on an Easterline
Angus event recorder.

Group means indicate a small decrease in performance at the onset and at cessa-
tion of rotation. This was, however, within the range of day-to-day variability. On
Day 8 there was a pronounced drop in performances. The individual data show Wi (the
subject least affected by rotation) with an over-all increase in performance as the ex-
periment continued. Subject SH remained about the same, and the other two subjects
began to make more errors as the run progressed. Subject Wl obtained one of his poorest
scores on the first day ofter rotation.

Reading Test

This consisted of assignments selected from two workbooks routinely used in the
reading course at the U. S. Naval School, Pre-Flight. A range of difficulty level was
assigned according to the "Flesch Scores" (26). The results of the reading test are incon-
clusive. Infer- and intrasubject variabilities of speed and comprehension are enormous.
The subjects suggested that interest value should have been included in the score for
difficulty level. 49
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Mathematics Test

This was a simple five-minute test of addition, subtraction, and multiplication.
For the most part there was a gradual increase in performance which was probably a
function of learning (Figure 16). Although many vigilance and fatigue studies indicate
a spurt or upsurge in performance just prior to completion of the experiment, here on
Day 11 there was a decrease in performance. Motivation was believed not to be a
factor.

Vigilance Tests

Each subject stood a night watch for ninety minutes at the same time every even-
ing after the crew had secured. The subject was required to monitor flashing lights, an
auditory signal, and several gauges; however, only four of the tasks were scored:

Altemating Lights. In the center of the console two lights flashed altemately
(30 cycles per minute each) to produce one flash per second. At irregular intervals
(and less than ten times in ninety minutes) one light stopped flashing and the other
doubled in frequency. The subject was to depress a button when this occurred, Both
stimulus and response were read out on an event recorder. Score was delay of response
in seconds. A step relay which caused the light to stop flashing produced an auditory
cue. However, the light did not change every time the relay advanced, It is felt that
if sensory summation made the task less difficult it did so by a small amount.

In the main there was a very small increase in performance which for these men
did not appear to be interrupted by the onset or cessation of rotation. The individual
data showed one very long response and this by subject Ll on Day 1. Actually, the sub-
ject fell asleep, and this is particularly meaningful since of the four men LI appeared
to be most competitive and least likely to fall asleep on watch.

Three-Digit Test. In the center of the console and below the altemating lights
was a nixie tube, The tube lit once a minute for ten seconds, and numbers were pro-
grammed randomly. The subject was assigned a code number for the evening, and it was
his task fo record when his number came up (vigilance). Also he was obliged to remember
the number which appeared previously (memory) and the number which occurred next
(attention). There were more attention errors than vigilance errors and more memory
errors than attention errors. The performance of these men appeared to decrease at the
onset of rotation but for WI (least affected) it did not. All error scores increased at the
cessation of rotation but the change was small (Figure 17).

52




uayy 1IN0 JO} S8102G §s9] YIPDW

91 @4nbi 4

L

Q3ddO0lS

NOILV.1ON

Q3.1YV1S

53



USWy 1nog 4oy : (Yoo 4yBiN)) 4se) 4161g saly}

L @inBryg
SAvVQd
¢+ I+ 21 11 O 6 8 . 9 &€ v ¢ 2 | - 2- b- G-
1
02
oe
ov
+ + 0S
d3ddols NOILV1iOY d3iy¥vis

SHOYY3




Audio Vigilance. Along with 84 db broad band noise, an 87 db tone (1175 cps)
of 0.25 second duration was presented every 0,95 second, for ninety minutes, Sporadi-
cally (but less than twelve times in a session), the interval was stretched from 0.95 to
1.40 seconds. [t was the subject's task to note the time at which this occurred. Score
was number of intervals missed. From the group data Figure 18, there appeared to be a
leaming effect which did not seem to be interrupted by the onset of rotation. However,
there was a decrease in performance at cessation.

Fifteen-Minute Test. In this test the subject was required to read a continuously
varying gauge every fifteen minutes. The score was the absolute error in time. The
data seem to indicate that subjects were able to perform this task quite well and with very
few gross errors. There were only two errors of more than one minute (3 min. and é min,)
in a total of 56 trials (i.e., 14 for 4 subjects). Most errors are less than ten seconds,

Discussion of Psychophysiological Tests

All of the subjects carried out all of the tests except on one occasion when LI fell
asleep during his watch, After making allowance for practice effects and time-to-time
variance, it is obvious that significant changes in performance were either absent or
small except in the case of the hand dynamometer test. It is interesting that these
changes in performance, aside from those in close relation to the onset or cessation of
rotation, were manifested more frequently in the late than in the early perrotation period.
Hand dynamometry deserves particular notice inasmuch as the scores seemed to reflect the
general fitness of the subjects throughout the entire experimental period. Moreover, the
sharp rise in values after cessation of rotation suggests that disturbances in neuromuscular
coordination were not a factor in carrying out the test,

GENERAL DISCUSSION AND SUMMARY

Prolonged exposure in a rotating environment is a unique experience and differs
in important respects from exposure to turbulent seas or to turbulent air. One striking
difference has its origin in the fact that in the rotating environment the subject's move-
ments are essential to the generation of the bizarre accelerations whereas at sea or in the
air, fixation of the head and body might influence the effects but would not abolish the
unusual inertial forces to which the traveler is passively subjected. Thus, during rotation
in the SRR when the subject is seated with head fixed or asleep the conditions are not far
different from those with the room stationary. Movements of the subject resulting in
functional disturbances fall mainly into two categories, namely, rotation of the head out
of the plane of rotation of the room and whole body movements, The former generate very
small inertial forces and their effect, at least when the subject is near the center of the
SRR, would be negligible were it not for the semicircular canals. They are so structured
that the sensory elements are stimulated by the gyroscopic forces,and the bizarre pattem
of the stimulus is the essential factor causing the symptomatology of canal sickness, al-
though other etiologic factors are also involved.,
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Whole body movements, insofar as they generate Coriolis forces and affect, through
change in distance from the center of the SRR, the level of centripetal force, result in a
change in the gravitoinertial force vector and, consequently, in the direction of the force
upright with respect fo the room. Neuromuscular coordination is affected which increases
the difficulty in maintaining postural equilibrium,for example, and the amount of work
involved in walking. A distinction is made between these neuromuscular effects and
canal sickness, inasmuch as the semicircular canals are not directly implicated unless
the head is rotated out of the horizontal plane of the SRR. Such rotations of the head
may be unavoidable, and then the bizarre stimulus to the canals coniributes to the neuro~
muscular disturbances.

Past experience has shown that there is a good correlation between the velocity
of rotation of the room and the severity of the sympfoms manifested by the subjects. The
reason is simply that the movements required in meeting essential needs and carrying out
prescribed tasks are similar at all velocities, thus making velocity of the room the de-
pendent variable. The subject can, however, by omitting tasks and remaining inactive
in his free time, reduce his activities. Hence, not only the velocity of rotation butalso
the movements of the subject must be taken into account if any attempt is made to esti-
mate the changing levels of exposure to the unusual inertial forces at any given velocity.
In this experiment a precise measure of bodily movements was not obtained; the estimates
are in terms of "restriction of head movements" and "level of physical activity." In the
SRR the subject could anticipate every stressful stimulus, perfectly with respect to occur-
rence, although imperfectly with respect to disturbing effects characterized by summation
and perserveration. With training and experience, however, the subject became adept
at avoiding disturbances by regulating the stimulus both quantitatively and qualitatively.
Thus, in terms of the stressful inertial forces each subject, cansciously at first then auto-
matically to an increasing extent, exerted a modulating influence on the level of
stimulation.

A second important difference refers o the stability of the SRR compared with
ship or aircraft. With full illumination of the room and while he is engaged in ordinary
activities the subject regards the platform as being not only stable but also level and
the walls upright. Under special circumstances the room may appear tilted (the oculo-
gravic illusion, 27 ), and, seated in the dark, the subject may regard the chair on
which he is seated as being tilted but always with respect to a level stable platform.
Under most conditions, however, the visual environment appears the same as when the
room is not rotating.

The effects of rotation already have been discussed under three headings: the
clinical symptoms, clinical laboratory findings, and psychophysiological performance.
They will now be discussed briefly in terms of the significant changes along the time
axis of the experiment, and some of the practical and theoretical implications will be
summarized.
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The unexpected finding of two quite distinct perrotation periods is explained in
this way: In the early perrotation period the subjects restricted their head movements
and consequently their physical activity to prevent the nausea syndrome. This subject-
paced stimulus level was well below the unpaced level and was individually adjusted to
the time-course of adaptation to this unpleasant syndrome. With the disappearance of
nausea this restriction on head movements was lifted, thus increasing the bizarre stimulus
to the semicircular canals. This paved the way for the appearance of effects which either
1) necessitated a longer time-course of adaptation than did nausea; 2) required a stronger
stimulus for their exhibition; or 3) had different transfer-patterns in terms of levels of
stimulation. The restriction on physical activity, however, was partially maintained
inasmuch as it was now paced by such symptoms as drowsiness and fatigue. Thus the late
perrotation period while initiated by the lifting of restrictions on head movements was
characterized by a rising level of physical activity which, although never reaching the
prerotation level, may nevertheless, have exceeded it in terms of muscular work. The
symptomatology of the two distinct perrotation periods revealed many interdigitations
both for the individual and for the group and in all likelihood was complicated by symp-
toms referable to confinement and level of physical work.

The first day of rotation made the greatest over-all impact on the subjects. The
sudden onset, marking the rather dramatic beginning of a long exposure to unfamiliar
stresses, was, after the days spent in carrying out preliminary arrangements and baseline
studies, keenly anticipated. Such immediate effects as difficulty in walking and the
strange feeling associated with head movements were not unpleasant, and all except LI
were lulled into making a false estimate of their susceptibility to the nausea syndrome.
Within an hour MO experienced the first of eight vomiting episodes and SH complained
of nausea. Before long quiet fell over a previously noisy group, and all except WI
attached the head brace to minimize movement between head and thorax. Thus the find-
ings on the first day reflected not only differences in susceptibility to a given level of
stress but also differences in self-appraisal of the susceptibility, which influenced the
subjects' self-paced exposure to stress. This accounted in part for the severity of symptoms
the first day and for certain differences in pattem of response between Day 1 and Day 2.

Adaptation to the nausea syndrome was the main guide in defining the early per-
rotation period, a period characterized not only by typical symptoms of canal sickness
but also, except on Day 1, by a low level of physical activity. Individual differences
in severity of symptoms and rate of adaptation were revealed. Moreover, there were
significant alterations in the clinical laboratory findings reflecting in part the low level
of physical activity and in part the stress of the force environment. All of the subjects
carried out the performance tests on the first day although MO and SH did not participate
in all of the clinical tests. Slight decreases in performance were recorded in several tests
especially on Day 1 and notably in hand dynamometry.

The late perrotation period was characterized by the fatigue syndrome, a changing
pattern in the laboratory findings, and slight decrements in certain performance tests. It
was necessary to take into account three etiological factors, namely, vestibular stimula-
tion, increasing physical work, and confinement.
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Such symptoms as drowsiness and fatigue were complaints even in the early per~
rotation period but were overshadowed by nausea. With the disappearance of nauseq,
however, they became the presenting symptoms. The subjects reported a gradual de-
crease in drowsiness but continued to complain of fatigue. It is difficult to distinguish
between boredom and fatigue, and the increase in physical work may have been a
factor,

The unexpected biochemical findings were the appearance of stress hormones in
the urine during the late but not the early perrotation period, which were almost surely
attributable to stimulation of the canals. Moreover, striking increases in glucose utili -
zation and in the serum enzyme LDH also were observed in the late perrotation period.

All of the tasks were carried out in the late perrotation period. With regard to
the performance tests, there was a drop in score in hand dynamometry on Days 11 and
12 which was probably significant and a slight drop in scores in digit span on Days 7 and
8, in the Complex Counting Test on Day 8, and in the Math Test on Day 11,

Cessation of rotation had less effect than anticipated on the symptomatology.
Only SH experienced a mild retum of nausea (stomach awareness) lasting a short time,
and while the subjects were surprised over their difficulty in walking, especially when
rotating the head, this soon disappeared. None of the changes in the clinical laboratory
findings were unexpected. There were slight decrements in some of the performance
scores but an increase in score in hand dynamometry.

The onboard observer KE presented no history of motion sickness and had amassed
> 500 hours at different velocities in the Slow Rotation Room. In his first few exposures
dizziness and slight discomfort were his only complaints. In subsequent experiments he
remained symptom free. Audiometric examination, caloric response, and postural equili-
brium were within normal limits,and there wos no history of disease of the sensory organs
of the inner ear.

During the present experiment KE reported slight dizziness only during the first
hour. This rapidly subsided and with the exception of drowsiness was the only character-
istic symptom reported throughout the rotation period. The first day KE had only slight
difficulty walking and (unlike all the subjects) did not restrict his movements at all.

From all indications adaptation was accomplished quickly. Although KE's log was
sprinkled with comments on "sleepiness," his fatigue was probably not so great as that

of the other four men. This freedom from difficulties may be the result of this individual's
initial insusceptibility but is more probably the result of his conditioning from previous
experiments,

KE remained on board for the duration of the experiment and his exposure was
equivalent at least to that of the subjects, with the exception that during the short
daily stops KE left the SRR (and consequently moved his head). This was done, as a
probe, to discover the feasibility of maintaining adaptation to 10 RPM and to zero
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simultaneously. This proved quite successful (at least with respect to postural equilibrium)
since KE did not experience ataxia problems when rotation finally ceased. On the other
hand, the additional stress of adaptation to both environments may have contributed to
the fatigue he reported. Verification of these findings awaits future experimentation.

All of the aviators were asked whether, in their opinion, they were unfit at times
during the run to carry out tasks which might be expected of astronauts in orbital flights.
All agreed that this was the case; even WI who was quite fit in the early period consider-
ed he was less fit later due to prolonged fatigue. This opinion is fairly well supported by
the objective findings. The most severe symptoms were experienced by the two subjects
who were nauseated, and their performance was adversely affected. Even this did not
seriously affect vital homeostatic mechanisms, and at no time were the subjects in need
of medical care. Such countermeasures as selection, adaptation, and drugs would have
greatly minimized the nausea syndrome, but fatigue might present a more difficult
problem.

In attempting to apply the findings obtained in the SRR to a rotating orbiting space-
craft it is necessary first fo consider important differences between the two with regard
to the force environment (28, 29). A spacecraft with a radius of 30 feet and rotating at
a velocity of 10 RPM would generate a centripetal force of about 1.0 G unit at the
periphery. The disturbances in neuromuscular coordination resulting from changes in the
linear gravitoinertial vector associated with "body movements" would be comparable to
those in the SRR. The disturbances resulting from "head movements" might be worse due
to the fact that the "upright" position of the astronaut would be at right angles to the axis
of rotation rather than parallel to it as when in the SRR, At least this would be true to
the extent that swivelling rotations of the head, which can be made with impunity in the
SRR, would prove to be more stressful than nodding motions.

If the radius of the spacecraft were 15 instead of 30 feet, thus generating only
0.56G unit at the periphery, the smaller magnitude of the linear force vector and the
greater changes in direction associated with body movements would adversely affect
equilibrium. Although the gyroscopic accelerations stimulating the semicircular canals
would be the same, the possible decrease in the modulating influence of the otolith
organs might be significant,

[t should be pointed out that, in the SRR, the subject's head, when he is bending
over, reclining, or recumbent, is nearly at right angles to the axis of rotation and that
he adapts to whatever rotations of the head are made in these positions. Although plans
have been made for a systematic study comparing the effects with subjects parallel and at
right angles to the axis of rotation, it is safe to predict that the differences will not be
great and that adaptation in one circumstance will provide a large measure of "protection™
in the other.
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The fact that the onboard observer did not experience nausea and was never more
than moderately fatigued suggests that much can be accomplished in the areas of selection,
training, and habituation with regard to the prevention of canal sickness. It would be
worthwhile to explore the effect of slowly increasing the angular velocity of the SRR in
order fo minimize or even prevent unwanted effects. Moreover, adaptation at a higher
angular velocity than that planned for a space flight might be advantageous.

Additional countermeasures might include such practical measures as the location
of hand rails for support, the arrangement of instrument panels to take advantage of the
fact that head movements in the plane of rotation are not stressful, and the identification
of the most effective drugs to prevent nausea and possibly other symptoms.

It is also of more than passing interest that the onboard observer who left the SRR
for short periods was not seriously disturbed by such transitions, suggesting that simul-
taneous adaptation to rotating and stationary environments is feasible.

In the present experiment, especially in the late perrotation period, it was difficult
or impossible to evaluate properly the etiological roles of confinement, muscular work,
and vestibular stimulation responsible for the symptomatology. The significance of factors
other than the force environment could be determined, in part at least, by comparing the
responses once with the SRR stationary and again with the room rotating. The role of the
vestibular organs could be determined by a comparison of the effects between normal
subjects and persons with loss of vestibular function.

From a more theoretical standpoint several findings deserve mention. The changes
observed in the fusion frequency of flicker (CFF) are of interest whether they represent
specific or nonspecific effects of stimulation of the semicircular canals. In either case
the value of such a delicate indicator is emphasized and it points up the need to investi-
gate not only its advantages and limitations but also its implications in terms of central
nervous system mechanisms. If the changes in CFF were specific, the findings indicate
that decrements in performance were associated with manifestations of the nausea syn-
drome but not with drowsiness and fatigue in the late perrotation period when, in fact,
mean performance was above the prerotation level. It is possible that changes in CFF
and the time-course of adaptation to these changes may have practical application. It
would be interesting to compare these with nystagmographic findings.

The present experiment did not permit a distinction between the etiological roles
of the semicircular canals, otolith organs, and nonotolith gravireceptor mechanisms in
the causation of ataxia and its disappearance. It did provide, however, a forceful re-
minder of the dominance of the visual upright over the gravitoinertial force upright under
the experimental conditions, i.e., relatively weak inertial force and strongly structured
visual field.
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An attempt might have been made to explain the changes in serum level of the
enzyme LDH by the changing level of muscular work were it not for the finding that on
Day 1 two subjects had low and two had high values. The fact that on Days 2 and 3 all
subjects had low values suggested that restraint in making either head or body movements
or both was responsible. The relatively high values manifested by two subjects (MO and
WI) on Day 1 are best explained if it is assumed that two factors were operating, namely,
restriction in physical activity tending toward a decrease and vestibular stimulation tend-
ing toward an increase in serum LDH. MO who restricted his activities considerably was
most susceptible to typical symptoms of canal sickness. WI, who restricted his activities
least, necessarily stimulated the labyrinth most among the four subjects. Whatever the
etiological factors involved, it is worthwhile to investigate the underlying mechanisms.
Although it has been shown that serum level of LDH is related to muscular work, clear=
cut changes are manifested only with large changes in work load (30). With regard to
stimulation of the labyrinth, it has been shown that it is an important factor modulating
muscle tonus (22).

One of the most striking and unexpected findings observed was the increase in
rate of glucose utilization which, directly or indirectly, must have had its genesis in
exposure to the unusual force environment. The most likely etiologic factors and under -
lying mechanisms involved have been discussed above in some detail. Here it is im-
portant only to emphasize that the elucidation of this phenomenon might represent a
significant scientific contribution.

It may be concluded that the present experiment, although it constituted only an
initial probe into the problems incidental to adaptation at a velocity of 10 RPM, has
advanced our knowledge in two main respects. First, it has shown that countermeasures
in addition fo adaptation are needed if rotational velocities of 10 RPM are required.
Secondly, it has demonstrated the usefulness of the rotating room for the further explora-
tion of vestibular and central nervous system mechanisms.
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